Water Quality Evolution During Managed Aquifer Recharge (MAR) in Indian Crystalline Basement Aquifers: Reactive Transport Modeling in the Critical Zone  by Marie, Pettenati et al.
 Procedia Earth and Planetary Science  10 ( 2014 )  82 – 87 
1878-5220 © 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Scientific Committee of GES-10
doi: 10.1016/j.proeps.2014.08.016 
Available online at www.sciencedirect.com
ScienceDirect
Geochemistry of the Earth’s Surface meeting, GES-10 
Water quality evolution during managed aquifer recharge (MAR) in 
Indian crystalline basement aquifers: reactive transport modeling in 
the critical zone. 
Pettenati Mariea*, Picot-Colbeaux Géraldinea, Thiéry Dominiquea, Boisson Alexandreb, 
Alazard Marinab, Perrin Jéromea, Dewandel Benoîtc, Maréchal Jean-Christophec, Ahmed 
Shakeeld, Kloppmann Wolframa. 
a BRGM, 3 Av Claude Guillemin, 45060 Orléans, France 
b BRGM, Indo-French Centre for Groundwater Research, Hyderabad, India 
c  BRGM, 1034 rue de Pinville, 34000 Montpellier, France  
d CSIR-National-Geophysical Research Institute, Indo-French Centre for Groundwater Research, Hyderabad, India 
Abstract 
The present study investigates the role of MAR (Managed Aquifer Recharge) on groundwater quality overexploited crystalline 
aquifers in semi-arid context (South India). A 1D transient reactive transport model was conceived to simulate the infiltration of a 
recharge tank through the critical zone. The model takes into account hydrodynamics, evaporation, kinetic weathering of 
minerals (precipitation/dissolution), adsorption, cationic exchange. Results show the beneficial effect of MAR on groundwater 
quality, in particular on Fluoride accumulation, a widespread problem in the Indian context, strongly depending on seasonal 
climatic variations. 
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1. Introduction 
The overexploitation of crystalline aquifers in India due to the green revolution in the 1970s, has lead to not only 
to a general water level drawdown but also to the degradation of water quality [1]. In the Maheshwaram watershed 
(Andra Pradesh, Southern India), groundwater is largely used for irrigation. Fluoride (F-) progressively accumulated 
in the irrigation return flow (IRF) because of strong evaporation in the paddy fields together with mineral dissolution 
of primary minerals containing F- (fluorapatite, biotite, epidote) [2,3].This accumulation is enhanced by calcite 
precipitation reducing Ca2+ activity and also by Ca2+ removal through cation exchange with Na+ on clay minerals, 
thus hindering fluorite (CaF2) precipitation  the only mechanism efficiently controlling F- concentrations [4]. High 
concentrations of F- are therefore typically accompanied by a Na-HCO3- water type [5] and areas of alkaline soils 
increase in India due to poorly managed irrigation projects [7,8,9]. 
Managed Aquifer Recharge (MAR) through percolation tanks is often presented as a promising technique to 
increase groundwater availability and eventually enhance water quality, but is rarely estimated (Boisson et al., 2014). 
Currently there are three percolation tanks located within the Maheshwaram watershed and the monitored one, is 
close to Tumulur village (Fig. 1), has been monitored over 2 years. Instrumentation monitoring equipment of the 





Fig. 1. Location of the Maheshwaram watershed and Recharge tank near the Tumulur village. 
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The aim of the geochemical modelling presented here is to quantify the water-rock interactions processes during 
the recharge and to investigate the corresponding impact on groundwater quality at the watershed scale. Results of 
hydrogeological models, including recharge scenarios are used   to establish water budget as input to the reactive 
transport model [10]. The global objective is to evaluate the beneficial or adverse effect of managed recharge upon 
soil salinization and fluoride accumulation under the particular conditions of the Maheshwaram aquifer. The 
geochemical model of solute recycling  developed for paddy field irrigation [3] using a 1D PHREEQC reactive-
transport column [11] was adapted to the MAR problem, on the basis of   new monitoring data in order to test the 
conceptual geochemical model of MAR (Fig. 2).  
2. Methods 
The system can be conceptualized at watershed scale considering the daily amount of tank water infiltration 
impacted by evaporation and the mixing processes, within the aquifer, of infiltrated water from the tank with natural 
recharge using a seasonal water balance approach [10]. The simulations were run for two contrasted climatic period 
(monsoon and dry period) during 110 days, using actual Tumulur tank data (i.e. water chemistry and meteorological 
data). The pore water velocities for the three layers of the percolation profile (soil, sandy regolith and laminated 
layer) are calculated using a 2D model of variably saturated vertical flow in a 10 m thick layer model using the 
MARTHE code [12,13,14,15]. Steady-state condition is established rapidly and the entire profile is quasi-saturated 
with infiltration water (>90%). 
 
 
Fig. 2. Conceptual model of hard-rock aquifer in southern India with Managed Aquifer Recharge (MAR) through 
an infiltration tank used for the development of a1D Phreeqc reactive column model. ʋmean is the mean pore flow 
velocity. 
 
Reactive transport modelling is performed during 110 days using a 1D PHREEQC column with calculated pore 
flow velocity (Fig. 3). The reactive transport model takes into account: 
 
• The mineral composition of the 3 distinct layers of altered biotite granite determined by XRD analysis  [3], 
• Cation Exchange Capacity (CEC) of the weathering profile determined by cobalt hexamine chloride 
solution [3], 
• Initial groundwater composition determined using ion chromatography and ICP-MS [3]. 
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Fig. 3. Simulated steady-state pore flow velocity with 2 D variably saturated model. 
 
The processes integrated in the reactive transport model are: 
• The thermo-kinetic dissolution of primary aluminosilicate phases based on [16] and [17] formulation 
(Transition State Theory, TST; [18],), 
• The possible precipitation of secondary mineral phases [19], 
• The adsorption on Fe hydroxides following the [20] theory, [21] and [22] for surface site characteristics, 
• The cationic exchange processes. 
The groundwater geochemistry is calculated with batch reaction at a daily time step mixing the solution taken at the 
outlet of the column with the evolving groundwater composition. The ratio of mixing (MAR water volume/aquifer 
volume) is fixed to 0.01%. 
3. Results and Discussion 
Fig. 4 shows the results of modeling in terms of solute evolution (chloride and fluoride) in Maheshwaram 
groundwater for several climatic conditions (dry and monsoon periods) and land uses contexts. Perrin et al. [1] has 
shown that the observed increasing TDS can be reproduced with the help of a solute recycling model (SRM) since 
the start of irrigation pumping. Pettenati et al. [3] used a geochemical reactive transport model to simulate the 
impact of IRF on groundwater chemistry and F- accumulation. This model including water/rock interaction in the 
Critical Zone and climatic parameters highlights the joint effect of dissolution of F--bearing minerals 
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Fig. 4. Comparison between the relative aquifer solute concentration of chloride (Cl-) simulated by the solute recycling model 
SRM ([1]**) and by the PHREEQC model for chloride (Cl-) and fluoride (F-) over one cycle of paddy field irrigation (dry 
season, [3]*) and one cycle of Tank infiltration (Tank model_1 = dry conditions 01/2006 to 04/2006; Tank model_2 = monsoon 
conditions 07/2012 to 10/2012). 
 
Based on these previous works, the MAR model applied to the critical zone shows that tank infiltration can have 
a beneficial effect on the decrease of aquifer fluoride concentration (F- Tank model_2) under monsoon period (tank 
filling). As illustrated by the decreasing concentration of non-reactive chloride, this effect is due to a dilution effect 
compensating the evaporation processes. But results obtained considering another dry period (tank drainage) 
illustrate that, even if F- accumulation is delayed (F- Tank model_1) compared to the IRF model (paddy field 
context) there is still an increase of F- over the duration of managed recharge. This tendency is due to a higher 
degree of evaporation over the dry period combined with the weathering of F--bearing matrix minerals within the 
critical zone during tank water percolation. 
4. Conclusions 
This research investigated the role of managed aquifer recharge under variable climatic conditions and its impact 
on groundwater chemistry. Based on a previous model which reproduced satisfactorily the solute behavior in 
Maheshwaram groundwater, the reactive transport model of the Tumulur tank infiltration through the critical zone 
helps to understand the evolution of Fluoride enrichment or depletion in groundwater when MAR is implemented in 
a watershed. Results of the first scenarios simulation show that the beneficial effect of MAR may be variable over 
the year being strongest during monsoon whereas during the dry period, F accumulation occurs. 
Acknowledgements 
This research was conducted within the framework of the Saph Pani project and co-financed by the European 
Commission within the Seventh Framework Programme Grant agreement No. 282911 and the Research Division of 
BRGM.  
87 Pettenati Marie et al. /  Procedia Earth and Planetary Science  10 ( 2014 )  82 – 87 
References 
1. Perrin, J., Mascré, C., Pauwels, H., Ahmed, S. Solute recycling: an emerging threat to groundwater resources in southern India? J. Hydrol. 
2011; 398, 144–154. 
2. Pauwels, H., Negrel, P., Bouzit, M., Aquilina ,L., Labasque ,T., Perrin, J., Fatima, S. Vulnerability of over-exploited groundwater to fluoride 
contamination, in WRI 13 – Balkema. 2010; 415-418. 
3. Pettenati, M., Perrin, J., Pauwels H., Ahmed, S. Simulating fluoride evolution in groundwater using a reactive multicomponent transient 
transport model: application to a crystalline aquifer of Southern India. Appl. Geochem.2013; 29, 102-116. 
4. Jacks, G., Bhattacharya, P., Chaudhary, V., Singh, K.P. Controls on the genesis of some high-fluoride groundwaters in India. Appl. Geochem. 
2005; 20, 221-228. 
5. Rao, N. S. The occurence and behavior of fluoride in the groundwater of the Lower Vamsadhara River Basin, India. Hydrol. Sci. J. 1997; 
42(6), 877-892. 
6. Saxena, V. K., Ahmed, S. Inferring the chemical parameters for the dissolution of fluoride in groundwater. Environ. Geol., 43 (Handa 1975). 
2003; 731-736. 
7. Srinivasulu, A., Satyanarayana, T.V., Hema Kumar, H.V. Subsurface drainage in a pilot area in Nagajuna Sagar right canal command, India. 
Irrig. Drain. Syst. 2005; 19, 61-70. 
8. Jacks, G.,Harikumar, P.S., Bhattacharya, P. Fluoride mobilisation in India. in: Goldschmidt Conf. Abstr., June 21-26, 2009, Davos, 
Switzerland, A578. 
9. Purushotham, D., Prakash, M.R., Narsing Rao, A. Groundwater depletion and quality deterioration due to environmental impacts in 
Maheshwaram watershed of R.R. district, AP (India). Environ. Earth Sci. 2011 ; 62, 1707-1721. 
10. Boisson, A., Villesseche, D., Baisset, M., Perrin, J., Viossanges, M., Kloppmann, W., Chandra, S., Dewandel, B., Picot-Colbeaux, G., 
Rangarajan, R., Maréchal, J.C., Ahmed, S. Questioning the impact and sustainability of percolation tanks as aquifer recharge structures in 
semi-arid crystalline context. Environmental Earth Sciences. 2014 ; DOI 10.1007/s12665-014-3229-2 
11. Parkhurst, D.L., Appelo, C.A.J. User’s Guide to PHREEQC (Version 2)- a computer program for speciation, batch-reaction, one dimensional 
transport, and inverse geochemical calculation. USGS Water Res. Invest. Rept. 99-4259, 312 p. 
12. Thiéry, D. “Software MARTHE. Modeling of Aquifers with a Rectangular Grid in Transient state for Hydrodynamic calculations of heads 
and flows. Release 4.3”. 1990; Report BRGM 4S/EAU n° R32548. 
13. Thiéry, D. Groundwater Flow Modeling in Porous Media Using MARTHE, in “Modeling Software Volume 5  Chapter 4, pp. 45-60 • 
Environmental Hydraulics Series”. 2010; Tanguy J.M. (Ed.) – Editions Wiley/ISTE London. ISBN: 978-1-84821-157-5. 
14. Thiéry, D. Presentation of the Finite Volume Method, in “Numerical Methods Volume 3; chapter 8.6, pp. 195-211 • Environmental 
Hydraulics Series”.2010;  Tanguy J.M. (Ed.) – Editions Wiley/ISTE London. ISBN: 978-1-84821-155-1. 
15. Thiéry, D. Reservoir Models in Hydrogeology, in “Mathematical Models Volume 2, chapter 13, pp. 409-418 • Environmental Hydraulics 
Series”. 2010; Tanguy J.M. (Ed.) – Editions Wiley/ISTE London. ISBN: 978-1-84821-154-4. 
16. Palandri, J.L., Kharaka, Y.K.. A compilation of rate parameters of water-mineral interaction kinetics for application to geochemical 
modelling. USGS Open-File Rept. 2004-1068, 61 p. 
17. Chaïrat, C., Schott, J., Oelkers, E.H., Lartigue, J-E., Harouiya, N.Kinetics and mechanism of natural fluorapatite dissolution at 25°C and pH 
from 3 to 12. Geochim. Cosmochim. Acta. 2007; 71, 5901-5912. 
18. Aagaard, P., Helgeson, H.C. Thermodynamic and kinetic constraints on reaction rates among minerals and aqueous solutions: 1. Theoretical 
considerations. Am. J. Sci. 1982; 282, 237-285. 
19. White, A.F., Schulz, M.J., Lowenstern, J.B., Vivit, D.V., Bullen, T.D. The ubiquitous nature of accessory calcite in granitoid rocks: 
Implications for weathering, solute evolution, and petrogenesis. Geochim. Cosmochim. Acta. 2005; 69, 1455-1471. 
20. Dzombak, D.A, Morel, F.M.M.. Surface complexation modeling. Hydrous ferric oxide. 1990; John Wiley & Sons, 393 p. 
21. Wilkie, J.A., Hering, J.G. Adsorption of arsenic onto hydrous ferric oxide: effect of adsorbate/adsorbent ratios and co-occuring solutes. 
Colloids & Surf. 1996; 107, 97-110. 
22. Sujana, M.G., Soma, G., Vasumathi, N., Anand, S., 2009. Studies on fluoride adsorption capacities of amorphous Fe/Al mixed hydroxides 
from aqueous solutions. J. Fluorine Chem. 130, 749-754. 
 
 
